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Abstract

We present an initial feasibility summary of a femtosecond synchrotron radiation x-ray source

based on a flat-beam rf gun and a recirculating superconducting linac that provides beam to an array of

undulators and bend magnets.  Optical pulse durations of <100 fs are obtained by a combination of electron

pulse compression, transverse temporal correlation of the electrons, and x-ray pulse compression.  After an

introduction and initial scientific motivation, we cover the following aspects of the design: layout and

lattice, ultra-fast x-ray pulse production, flat electron-beam production, the rf gun, rf systems, cryogenic

systems, collective effects, photon production, and synchronization of x-ray and laser pulses.  We conclude

with a summary of issues and areas of development that remain to be addressed.

1. Introduction

The advent of femtosecond lasers has revolutionized many areas of science from solid state

physics to biology, and this has been recognized with the award of the 1999 Nobel prize in Chemistry to

Ahmed Zewail for his pioneering work in application of these techniques to the study of ultra-fast chemical

reactions.  While optical lasers have offered unique insights into ultra-fast dynamics, the key information

often needed, the motion of nuclei, is inaccessible unless detailed information is available through

calculation of the excited state energy surface.  This is a severe limitation in many cases, and has led to the

development of ultra-fast electron diffraction systems to directly monitor atomic motion. While it has

proven possible to generate picosecond electron pulses with typically tens of keV electron energy, the

system resolution is typically several picoseconds, as a result of the fundamental velocity mismatch of the

pump laser pulse and the probe electron pulse. This mismatch can only be reduced by an increase in the

electron energy, but this correspondingly reduces the interaction cross section and makes the already long

acquisition time for typical gas phase diffraction prohibitively long.  The electron pulse duration itself is

also far longer than many ultra-fast reactions.  A breakthrough in the study of ultra-fast dynamics would be

made if we can directly monitor the position of nuclei with < 100 fs time resolution.  For systems with no

long range order we can use synchrotron radiation based Extended X-ray Absorption Fine Structure
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(EXAFS) spectroscopy.  With this we can directly measure the distance to nearest neighbors from a

particular emitting atom by monitoring the oscillations in x-ray absorption occurring over typically

hundreds of eV above the central atomic absorption edge.  These oscillations are due to the reflection of the

electron wave back to the central emitting atom, and so encode interatomic distances directly.  Where long

range order exists we can resort to x-ray diffraction methodologies.  The problem is to combine these

techniques with an ultra-fast and intense x-ray pulse in the <100 fs regime.

It is this new research frontier of ultra-fast x-ray science that drives the development of a novel

source for generating femtosecond x-ray pulses. Recently, a number of important advances have been made

in the generation of ultrashort x-ray pulses using a variety of techniques, and while initial time-resolved x-

ray experiments have been performed using such sources, they suffer from significant limitations in one or

more critical parameters including: (a) x-ray brightness and/or flux, (b) x-ray photon energy, tunability, and

spectral range, and (c) x-ray pulse duration and control. Ultimately, the full scientific development of the

emerging field of ultrafast x-ray science will require a dedicated facility supporting multiple beamlines for

generating x-rays with the highest possible x-ray flux and brightness in the 0.3-10 keV range, and with a

pulse duration of less than 100 fs.

A source capable of giving the performance required, not just to observe ultra-fast dynamics in

ordered materials but also to investigate liquids and disordered materials, is described here, and would

represent a major step forward in ultra-fast dynamics research.  The proposed source has the short pulse

length necessary (~50 fs FHWM) to study very fast dynamics, the very high average flux to study weak

scattering systems, tuneability in photon energy from approximately 1 - 10 keV, and a repetition rate

matched to the requirements of structural dynamics experiments.

In this report we consider a facility which can be built on a basis of existing technologies and

which has a potential to produce femtosecond x-ray pulses with high flux and brightness.  The facility uses

a recirculating linac for acceleration (and deceleration) of electrons produced by a flat-beam photocathode

rf gun, at a bunch repetition rate up to approximately 50 kHz. The repetition rate is determined by either the

time required for the experimental sample to return to its ground state (often limited by acoustic

propagation velocities), the time to translate the sample to a new area after each shot, or the repetition rate

of the possible attendant pump laser systems. The system design produces a small vertical emittance, which

is key to producing the ~50 fs x-ray pulses.  After acceleration through a superconducting recirculating

accelerator with achromatic and isochronous arcs, the electron pulses are compressed in the final arc to ~1

ps duration. A specialized technique is then employed to produce the ultra-short x-ray pulses by first

imprinting on the electron bunches a transverse momentum that is correlated to longitudinal position within

the bunch.  This action causes a rotation of the individual bunches, and produces a photon pulse with a

time-correlated transverse distribution when passing through an undulator or bend magnet. The correlated

x-ray pulse from such a beam is then compressed by use of crystal optics to achieve the ultimate photon

pulse length.  In order to obtain sub-100 fs x-ray pulses we thus use two stages of pulse compression -

compression of the electron pulse; then a direct compression of the x-ray pulse [ZHO99].

We describe the machine layout and lattice in Section 2, and techniques involved in producing

photon pulses in the femtosecond regime are described in Section 3. The means by which a flat electron

beam distribution is produced is described in Section 4. The photocathode RF gun is described in Section 5.

We discuss the accelerating rf systems with superconducting cavities and rf system power requirements in

Section 6.  This leads to a discussion of the cryogenic systems necessary and their attendant electrical
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power requirements (Section 7).  We then present initial discussions of electron-beam collective effects

(Section 8). The electron beam prepared to a ~1 ps pulse is transported into a photon beam production area

where photons are produced in either undulator or bend magnets (Section 9). Synchronization of x-ray and

laser pulses is discussed in section 10, and the concluding section (Section 11) discusses outstanding issues

and planned future development.

2. Lattice and Layout

A layout of the present machine concept is shown in Figure 1.  It consists of an rf photo-injector, a

linear pre-accelerator, a main linear accelerator, magnetic arcs and straight sections, and a photon beam

production section.  Electron pulses of approximately 10 ps duration are produced in a high-brightness rf

photocathode gun and accelerated to 10 MeV. A magnetic field in the cathode region and a skew-

quadrupole channel are used to generate a "flat" beam with x/y emittance ratio ≥ 50 [BRI99, BRI01]. The

electrons are further accelerated in a superconducting linac pre-accelerator to 120 MeV, and then injected

into a recirculating linear accelerator. Passing the arc connecting the pre-accelerator and the recirculating

linac the electron bunches are compressed to approximately 5 ps full length. In the recirculating linac the

final energy of ~2.5 GeV is achieved after four passes through the 600 MeV superconducting linac. After

the fourth pass through the main linac, a final arc compresses the bunches to an approximately 1 ps length,

and the bunches receive a time-correlated head-tail vertical kick in a dipole-mode rf cavity to obtain time-

correlated angular and transverse displacements. The electrons are then transported into the photon

production section where they radiate x-rays in undulators and dipole magnets. There are seven two-meter

long straight sections for undulators in the production section as well as six 2 T field dipole magnets

located between undulators each with a 60 mrad arc angle.  Each bend magnet can provide several photon

beamlines.  After passing through the photon production section, the electrons receive a compensating

time-correlated head-tail vertical kick, are stretched back to approximately 5 ps. They are transported back

to and decelerated in the recirculating accelerator structure and the 110 MeV pre-accelerator to ≤10 MeV

and turned into the beam dump.  This deceleration reduces the design challenges and radiation hazard of the

beam dump.  Though the electron beam does return almost all of its energy to the linac rf fields, the

circulating beam power is so low that it does not contribute significantly to the overall system efficiency.

Figure 1. Recirculating linac for fs x-ray production

110 MeV linac 10 MeV RF gun

600 MeV linac

Photon production section
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Five arcs transport the electron beam with approximate energies of 120 MeV (arc 0), 720 MeV (arc

1), 1.3 GeV (arc 2), 1.9 GeV (arc 3), and 2.5 GeV (arc 4). They are designed as achromats with almost

identical lattices. All arcs are comprised of three 120° betatron phase advance cells consisting of a set of

bending magnets, three quadrupoles and three sextupoles. The bending magnets, quadrupoles and

sextupoles of different arcs are mechanically identical except for the bending magnets in arc 0. This lattice

approach provides flexibility in tunability of the betatron phase advance, achromaticity including second

order effects, and time-of-flight characteristics. The third cell of each arc leading to the straight section is

adjusted to match the optical functions between the arc and it's corresponding straight section. At present,

we have designed arcs 1 through 3 to be isochronous. They are, however, easily adapted should additional

electron bunch length adjustment be required at the various stages of acceleration and deceleration. The

number of linac passes and arcs allows us sufficient flexibility to optimally control the bunch length with

consideration for collective effects such as beam break-up and coherent synchrotron radiation, as discussed

in Section 8. We also retain the flexibility to manipulate the longitudinal charge density of the bunch, by

control of the rf photocathode and incident laser parameters.

 The separation of the different energy beams into their respective arcs is accomplished by a

"beam spreader" lattice section, shown in Figure 2. The initial energy separation is accomplished by the

dipole magnet B0. Magnet B1 acts only on the 720 MeV beam (arc 1). The higher energy orbits pass

through magnet B2. Magnets B1 and B2 have the opposite polarity from magnet B0 in order to limit the

dispersion function excited in B0. The orbit separation between the 720 MeV beam (arc 1) and 1.3 GeV

beam (arc 2) after magnets B1 and B2 is approximately 17 cm. The orbit separation of the 1.3 GeV (arc 2)

and 1.9 GeV (arc 3) beams is approximately 18 cm. This provides sufficient room for downstream

quadrupoles by alternating their placement between the different arcs. The beam spreader quadrupoles

differ from the regular arc quadrupole, Figure 3 shows a typical cross-section of a beam-spreader

quadrupole (a) and a septum dipole (b). The small horizontal quadrupole dimension is obtained by using

coils in the horizontal plane. Beam spreader quadrupoles are used to match the beta-functions at the exit of

the linac to the arc lattice. Orbits of the 1.9 GeV (arc 3) and 2.5 GeV (arc 4) beams are separated by only

9.7 cm after the magnet B2, so dipole magnet B3 with the same field polarity as B2 is used to increase this

separation. B3 is a septum dipole magnet with a high current density sheet on one side, that acts only on the

2.5 GeV beam. A cross-section of this magnet is shown in Figure 3b. The magnet B4 completes the

separation of the 2.5 GeV beam, and together with magnets B0, B2, and B3 forms a chicane with no net

dispersion or orbit displacement with respect to the linac exit. Four pairs of sextupoles are used in the beam

spreader to control chromaticty. Apart from specialized magnets in the beam spreader section, the magnets

are of conventional electromagnet design similar to those of existing synchrotron radiation sources. Magnet

power requirements are approximately 2 MW.

Figure 4 shows lattice functions for the 1.9 GeV beam beginning from the center of the 600 MeV

linac (a) and through the end of arc 3 (b). Lattice functions for other arcs show similar behavior.  As can be

seen in Figure 4, there are no focussing elements within the linac. The beam is constrained by quadrupoles

and focussed to a relatively small size in the arc sections. The dispersion, generated in the beam spreader,

changes polarity twice within the arc, and is brought to zero at the end of the arc.  Adjustment of the

amplitude of the negative dispersion with arc quadrupoles provides a simple way to control time-of-flight

characteristics of each pass.



5

Figure 2. The beam spreader section that separates the beam at various energies into their respective

transport paths.

Figure 3. The beam spreader (a) quadrupole and (b) septum dipole magnets. The sectional drawing shows

the physical separation of the three different energy beamlines with respect to the magnets.
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Figure 4. Lattice functions from the center of the main linac (a), through the end of arc 3 (b) (1.9 GeV).

The lattice of the photon production section consists of six identical cells with matching sections

on each side. It contains seven two-meter long straight sections for insertion devices and six two-Tesla

magnetic field dipole magnets located between insertion devices. At the beginning and end of the photon

production section, we use rf cavities operating in the first dipole mode (TM110). These prepare the electron

beam to allow x-ray compression from ~1 ps to ~50 fs [ZHO99].  The first cavity provides a time

dependent transverse (vertical) kick to the electron beam that the second cavity cancels.  The rf phase is

adjusted so that the kick acts in opposite directions on the head and the tail of the bunches, with no

perturbation at the center of the bunch. The electrons perform betatron oscillations after the kick with

vertical betatron phase advance of nπ between the center of the rf cavity and the center of the n-th

undulator. The vertical betatron phase advance is nπ/2 between the center of the undulator and the center of

the adjacent 2T dipole magnet. Therefore within a bending magnet the electrons in a bunch have zero angle

and a transverse displacement variation along the bunch described by:

(1)

where βcavity is the beta-function in the cavity, βbend is the beta-function in the bend magnet, eU is the energy

gain at the maximum of the RF field, krf is the rf wave number, z is the electron position relative to the

bunch center, and Ebeam the electron beam energy. Similarly, we find in the insertion devices that the

electrons within a bunch have no transverse displacement and angular variation along the bunch described

by:

(2)

(a) (b)

   δy z = e U
Ebeam

β cavity βbend sin k rf z

   
δy' z = e U

Ebeam

β cavity

β ID
sin k rf z
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where βID is the beta-function in the insertion device. Consequently, the photon production bend magnets

are x-ray sources with a vertical position-time correlation and the insertion devices are x-ray  sources with

an angular-time correlation. We discuss in Section 3 how such correlations are exploited to compress x-ray

pulses. The present design has βcavity = 50 m, βID = 1 m, and βbend = 3 m, while it maintains the ability to

vary these values over a wide range. Figure 5 shows lattice functions from the end of arc 4 and through the

first two photon production section lattice cells.

The straight sections connecting the arcs have a simple FODO focusing structure that is used for

matching of beta-functions between the arcs. They may also be used for independent adjustments of the

betatron phase advances on each beam orbit.

As a result of the relatively low electron beam energy the effect of synchrotron radiation on the

electron beam is small. At 2.5 GeV the average energy loss of electrons in the photon production section is

only 500 keV and the increase of the energy spread due to quantum fluctuations of synchrotron radiation is

~ 50 keV, less than the beam energy spread of 150 keV.

Major parameters of the present machine concept are presented in Table 1.

Figure 5. Lattice functions from the end of arc 4 through the second undulator cell of the photon production

section.
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Table 1. Principal machine parameters

Bunch charge 1 nC

Bunch repetition rate 104  Hz

Beam energy spread at 2.5 GeV 200 keV

Bunch length in photon production section 1 ps (full length)

Electron tilt angle in the undulator 0.14  mrad

Bunch angle in dipoles 68°

RF deflection cavity frequency 2.6 GHz

RF deflection cavity transverse voltage 9.2  MV

Undulator length 2  m

Field in a bend magnet radiation source 2  T

Bunch length at gun exit 10  ps

Bunch length at first pass through linac 5 ps

x/y normalized emittance at gun 20 / 0.4  10-6 m-rad

Beam energy spread at gun 15 keV

x/y emittance in photon production section 4 / 0.08 10-9 m-rad

x/y beam size in photon production section 100 / 8.5 µm

x/y beam divergence in photon production section 40 / 8.5 µ-rad

Energy gain per pass 600 MeV

RF frequency 1.3 GHz

RF klystron power 1 MW

3. Ultra-fast X-ray Pulse Production

The photon production section of the recirculating linac will provide two classes of radiation

sources: bending magnets, and undulators. In the bend magnets, electrons will have a vertical position–time

correlation, in the undulators, a vertical angle–time correlation. Both sources will produce x-ray radiation
that can be compressed in the x-ray beamline to an x-ray pulse length of σx-ray ~ 7-10 µm.

Asymmetrically cut crystals may be used as optical elements in the x-ray pulse compression

scheme [MAT93, ZH099]. As a result of the different angles of incidence and diffraction, a crystal may be

oriented to produce a variable path length across the x-ray beam as shown in Figure 6. After the collection

optics, two asymmetrically cut crystals can be used as both monochromator and pulse compressor for the x-

rays. The optical path length difference ∆l for two asymmetrically cut crystals is given by:

(3)

where ∆y is the vertical height of the beam at the crystals, θ is the Bragg angle, α is the asymmetry angle

between the Bragg planes and the crystal surface. A practical example of x-ray pulse compression for 1.5 Å
wavelength is given in Table 2.

   ∆l = 2
∆y

sin θ – α sin θ sin α sin θ + α
sin θ – α
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Figure 6. Asymmetrically cut crystal with variable optical path length.

Table 2. Parameters of asymmetrically cut crystals for x-ray pulse compression.

λ ∆y θ α ∆l

Si(220) 1.5 Å 1.4 mm 22.325° -4.3° 0.3 mm

For a bending magnet source, with a vertical position–time correlation, the collection optics may

consist of a telescope with two vertically focusing mirrors which produce a magnified image of the source

at the asymmetrically cut crystals. The magnification of the telescope is set to 5.

For the undulator source, with angle-time correlation, a single collimating mirror is sufficient for

the collection optics. The distance from the undulator source the first mirror is short, approximately 3m, but
this is feasible given the low average beam current of the accelerator.

As seen in the Eq. 3, the magnitude of the x-ray pulse compression depends upon the Bragg angle

θ. Additional rotation of the crystals about the normal to the Bragg planes, φ, varies the crystal asymmetry

in the diffraction plane, allowing tuning of the monochromator photon energy while keeping the x-ray pulse

compression fixed [SMI94].  Kirkpatrick-Baez mirrors can be used to refocus the x-rays onto the samples

after the crystal.

Alternatively, one can use the angle-time or coordinate-time correlation of the radiation for

observation at different time delays. This can be done without compressing the x-ray pulse by detecting the

individual time slices on a position sensitive detector after the sample. For this technique to be effective,

the angle-time correlation of the incident x-rays must be preserved after the sample.

To reach an x-ray pulse length of σx-ray ~ 7-10 µm we require a rf deflection voltage defined by one

of two equations [ZH099]:

(4a)   e U
Ebeam

≥ 1
k rf σ x – ray

σ y '
rf 1 + σ r

σ y

2
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(4b)

where

krf is the rf wavenumber, σrf
y' is the vertical angular size of the electron beam in the rf deflecting cavity, σy is

the vertical electron beam size in the bending magnet, σy' is the vertical angular beam size in the undulator,

σr' is the opening angle of the radiation, σr is the diffraction-limited size of the radiation, and λx-ray is the x-

ray wavelength. Using in Eqns. (4 a,b) with Ebeam =2.5 GeV, a normalized vertical emittance of 0.35 mm-

mrad, krf =7.32 cm-1 (Frf =2.6 GHz), λx-ray =1.5 Å, and eU=9.2 MeV, we calculate the FWHM duration of the

compressed x-ray pulse shown in Figure 7 as a function of the x-ray photon energy. At larger photon

energies the pulse duration is limited by the vertical beam emittance, while at smaller photon energies it is

mainly defined by the opening angle of the radiation or by the diffraction-limited size of the radiation.

.Figure 7. Duration of the compressed x-ray pulse as a function of the x-ray photon energy for (a) an

undulator source, (b) a bend magnet source.

4. Flat Electron Beam Production

Our approach for producing an ultra-short x-ray pulse relies on the availability of an electron beam

with a flat aspect ratio so that one transverse dimension (y, vertical) is small.  In a circular storage ring, this

aspect ratio is common based on the desired synchrotron radiation emission characteristics and the planar

design of the machine that makes dominantly horizontal dispersion desirable.  In a recirculating linac, the

radiation damping process that allows this large aspect ratio is cut short and the best one can do is

essentially maintain the emittance from the injector through the rest of the machine without degradation.

Thus, we require that electrons be produced with the proper emittance and aspect ratio before being

injected into the recirculating linac.

(b)

(a)

P
ul

se
 le

ng
th

, F
W

H
M

, f
s

   e U
Ebeam

≥ 1
k rf σ x – ray

σ y '
rf 1 +
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A method of producing a circular cross section beam from the nominal flat-beam of a storage ring

was conceived by Derbenev in order to facilitate electron beam cooling in hadron colliders [DER98]. Later

the process was inverted to produce a flat beam from a circular beam originating from a cathode [BRI99]

and it is by using this technique that we propose to provide a large x/y emittance ratio. The key lies in the

presence of a longitudinal solenoidal field at the cathode (typically avoided by the use of magnetic bucking

coils).  The beam emitted from the cathode surface propagates along the magnetic field lines until particles

produced off-axis acquire angular deflections when leaving the solenoidal field. Propagating the beam

through a quadrupole channel with an identity transform in the x-direction and 90° phase advance in the

y-direction, and with a suitable choice of solenoid field strength such that the symmetry of the x-y motion is

broken, results in a flat beam inclined at 45°. A suitably constructed skew-quadrupole channel then allows

production of a flat beam aligned in either the horizontal or vertical plane. This principle has been

successfully demonstrated at the Fermilab A0 photo-injector test facility [EDW00], and the set-up for flat-

beam production at the Fermilab A0 facility is shown in Figure 8. An emittance ratio of order 102 may be

achieved by this procedure, with a normalized emittance of γ(εx × εy)
0.5 ≈ 10-6 m-rad at the cathode for a

1 nC bunch [BRI99], however these estimates are limited to low charge without space charge effects,

within the flat aspect ratio part of the beamline.

Typical operational parameters for the A0 facility are shown in Table 3.  The lower portion of

Figure 8 shows images from the demonstration of flat beam production, with a round beam exiting the

superconducting multi-cell cavity (left image), and a vertically oriented flat beam at the exit of the

quadrupole channel (right image).  An emittance ratio of 50:1 has been measured on a 1 nC bunch with

measured normalized horizontal and vertical emittances of γεx = 0.9 × 10-6 m-rad, γεy = 45 × 10-6 m-rad.

Figure 8. Flat beam production at the Fermilab A0 test facility. Upper part shows the facility layout, lower

part shows measured beam images at the exit of the superconducting cavity (left, round beam), and after the

transformation in the quadrupole channel (right, flat beam vertically oriented).
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Table 3. A0 facility typical parameters

Cathode Cs2Te

Cathode quantum efficiency ~ 1 - 2 %

Laser Mode-locked Nd:YLF, 25 µJ at 1054 nm

Nd:glass multipass amplifier

Two-stage harmonic generation to 263 nm

Laser UV energy 1 - 5 µJ per bunch

Laser pulse length 1.9 ps (unstacked) , 11 ps (stacked)

Laser spot size on cathode (rms) 0.7 - 1.6 mm

Gradient at cathode 35 - 40 MVm-1

Gun solenoid strength 1200 Gauss typical

Charge 1 - 10 nC

Gradient in 9-cell accelerating module 12 MVm-1

Electron energy after gun 4.5 - 5.0 MeV

Electron energy after accelerating module 17 - 18 MeV

Typical pulse structure 10 - 20 bunches, 1 µs bunch spacing typical

Rf pulse  structure 30 - 600 µs @ 1 Hz

Normalized emittance γε 3.7x10-6 m-rad @ 1 nC

Momentum spread σp/p 0.25 - 0.38 %

Bunch length (uncompressed) 1.6 mm @ 1 nC

Peak current 75 - 330 A

5. RF Photocathode Gun

Modern rf photocathode guns are capable of producing electron beams exceeding the brightness of

third generation light sources by more than two orders of magnitude. Such high brightness is achieved by

generating the electrons in the presence of a strong electric field that rapidly accelerates the particles and

thus reduces emittance growth from space charge effects that dominate at low energy. Major parameters for
the rf gun are shown in Table 4, and are consistent with measured values at existing facilities [PER01].

Conventionally, photocathode rf guns employ a half-length pillbox cell for the cathode cavity

followed by a full cell for rapid acceleration of emitted electrons. These have been shown to produce good

emittance at high electric field gradient when operating at a low duty factor. For CW or high duty factor

operation, thermal limitations may prevent such a design from operating at sufficiently high gradient.

Typical rf guns operate with accelerating fields of approximately 50 MVm-1, and low repetition rates of the

order of 10 Hz. Our design requires a much higher bunch rate of order 10 kHz.

The increased repetition rate significantly increases the heat deposited by rf currents on the cavity

surfaces. We have produced a conceptual design with optimized cavity geometry to allow cooling of the

cavity surfaces, and operation at high gradient and high repetition rate. In this design the first cell is

modified by the inclusion of a re-entrant nose-cone, on the end face of which the photo-cathode is mounted.

This nose-cone serves two purposes: it increases surface area to reduce deposited power density, and it

enhances the accelerating electric field at the cathode.  The cavity profile (cylindrically symmetric, beam is

along the x-axis) and E and H fields are shown in Figure 9.
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Table 4. Rf gun requirements

Energy 10 MeV

Rf frequency 1.3 GHz

Peak accelerating field at cathode 60 MVm-1

Bunch charge 1 nC

Laser spot size on cathode (rms) ~ 1 mm

Normalized emittance γε ~ 1x10-6 m-rad

Peak current 100 A

Bunch length 10 ps

Energy spread 15 keV

Laser wavelength 267 nm

Laser pulse energy 100 µJ

Laser repetition rate ~ 10 kHz

Figure 9. Cross-section of high-power rf gun first cell. The figure shows the upper section of a cylindrically

symmetric structure, with the lower horizontal line the symmetry axis (beam axis).

E-field H-field
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Table 5. Parameters of reentrant and pillbox rf gun cavity models.

Gun frequency

(MHz)

E-field at

cathode

(MVm-1)

Peak

RF

power

(kW)

Coupling

(β)

Klystron

power

(kW)

Repetition

rate (kHz)

Duty

factor

(for 3-τ
fill)

Average

power

dissipated

(kW)

Maximum power

density on cavity

surface (Wcm-2)

476 16.7 100.7 1 100.7 CW 1 100.71 99.0

35.0 442.4 1 442.4 10 0.228 100.67 98.9

22.6 184.4 7.4 439.7 100 0.542 99.94 98.2

1300 13.8 13.6 1 13.6 CW 1 13.62 99.0

62.0 274.9 1 274.9 10 0.050 13.74 99.9

40.1 115.0 7.4 274.2 100 0.119 13.68 99.5

2600 11.0 3.4 1 3.4 CW 1 3.41 99.7

82.6 192.3 1 192.3 10 0.018 3.41 99.8

53.5 80.7 7.4 192.3 100 0.042 3.41 99.7

Pillbox 1300 13.8 129.0 1 129 CW 1 129 207

37.8 968.0 1 968 10 0.064 62 100

24.6 408.0 7.4 973 100 0.152 62 100

By scaling the geometry of this design, we have produced models which operate at different

frequencies: 476 MHz, 1.3 GHz, and 2.6 GHz. Table 5 lists parameters for these cavities calculated using

the URMEL code for different pulse repetition rates. A 1.3 GHz pillbox cavity for comparison. Note that

the average power dissipated for a 1.3 GHz pillbox cavity is a factor 4.5 to 9.5 larger than the nose-cone

geometry, depending upon repetition frequency.  In this comparison the maximum power density dissipated

by rf currents in the cavity walls is limited to 100 Wcm-2 to allow for adequate cooling by water channels,

and acceptable stress levels in the copper cavity.

Figure 10. ANSYS calculation of temperature rise over ambient (left), and Von Mises stresses (right) in a

1.3 GHz cavity, and for 60 MVm-1 accelerating gradient, at 10 kHz.
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The mechanical behavior of the cavity has been modeled using the ANSYS finite-element code.

With the cavity geometry as input, the resonant mode fields were determined using an electromagnetic

module of the ANSYS code. Surface currents are then determined, and power density from the resistive

losses in the cavity skin-depth. Specifying a maximum power density of 100 Wcm-2 then dictates the

maximum field values in the structure. To reduce the temperature rise and stress in the cavity, water

cooling channels are included in the cavity shell and reentrant nosecone.

From these calculations, an acceptable accelerating gradient of 40 MVm-1 or greater is achieved

even for repetition rates as high as 100 kHz. For the 1.3 GHz cavity at 10 kHz repetition rate, 60 MVm-1

accelerating gradient, the maximum temperature rise is limited to 68°C, as shown in Figure 10 (left). The

corresponding thermal stresses of up to 38.5 Mpa (approximately 5,500 psi) are well within the limits of

approximately 18,000 psi for 104 cycles in a copper structure. Figure 10 also shows the Von Mises stresses

calculated for the same conditions (right). Note that the cavity is over coupled at 100 kHz to allow a shorter

fill time, and the accelerating gradient is reduced to maintain the surface power density limit.

6. RF Systems

6.1 Linacs

Our linac design is based on superconducting rf technology developed for the TESLA project

[TES01]. We propose to use modules similar to those designed for the TESLA FEL injector to take

advantage of the developments made by the TESLA collaboration in obtaining high gradient accelerating

cavities, and to avoid an expensive and time-consuming independent R&D program.  The TESLA rf cavity

parameters are well suited to our requirements, and many complex issues including higher-order mode

damping, suppression of multipacting, cavity materials preparation and fabrication, input power coupler

design, have been studied and solutions explored.

Figure 11 shows the cross-section schematic view of a TESLA 9-cell superconducting rf (scrf)

cavity [TES01]. Eight such cavities are integrated with cryogenics and other systems into a TESLA FEL

injector linac cryomodule, with cross-section (end view) shown in Figure 12 [TES01]. Each of these

cryomodules is approximately 12 m long, and we require four such cryomodules to achieve an energy gain

of ≥ 600 MeV per pass.  Operating at the TESLA gradient of 23 MVm-1 would allow a final beam energy of

~3 GeV, but the lower gradient provides a design margin and reduced power dissipation in the cryostat.  We

will operate slightly off-crest of the rf field maximum and our design considerations here are for a peak

accelerating gradient of 20 MVm-1. An additional identical cryomodule is used for the injector linac.

The superconducting cavities have a high quality factor (Q0 ~ 1010), resulting in long filling times.

Typically, power is applied to standing wave cavities for three filling times before the beam enters the

structure. This allows time for energy to build up in the cavity so that the required voltage can be

developed. Since we wish to operate at a bunch rate in excess of 10 kHz, we will not be able to change the

power in the cavity at a rate commensurate with the bunch time structure, and we must operate the linac rf

system in continuous wave (CW) mode. This, of course, increases the power requirements of the system,

both in terms of the rf drive power, and the cryogenic system power, which is needed to absorb resistive

losses in the cavities. The beam current of only 0.04 mA in the main linac cavities during the acceleration

cycle does not produce significant beam loading.
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Figure 11. TESLA 9-cell superconducting 1.3 GHz cavity longitudinal cross-section.

Figure 12. TESLA cryomodule end view cross-section.

Typically, rf systems are designed such that reflected power from the accelerating structures is

minimized, and a cavity coupling factor of approximately 20 would provide the most efficient use of rf

power. The requirement to provide a cavity bandwidth sufficiently large to allow for cavity frequency

tuning, however, stipulates a significantly larger coupling factor. A conservative cavity bandwidth of 200

Hz has been chosen in order to allow feedback control of the resonant frequency. The externally loaded
quality factor, Qexternal, may be expressed as:

(5)   
Qexternal =

Fresonant

∆ F
= 1.3 × 109

200 = 6.5 × 106
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The cavity coupling factor, β, is the ratio of power loss in the external circuit to the power loss in

the cavity. With an unloaded Q value of 1010, this externally loaded quality factor results in a large coupling

factor of the drive power transmission line to the cavity:

(6)

The strongly over-coupled cavities reflect most of the incident drive power. This results in a large

requirement for rf power in order to produce the specified accelerating voltage, as follows from

considerations below:

(7)

(8)

where Pincident is the rf power incident at the cavities, Preflected is the rf power reflected from the cavity, and

Pcavity the power dissipated in the cavity walls. Pcavity is related to the R/Q and the accelerating voltage V by:

(9)

We find that the incident power required to produce 20 MVm-1 in the main linac is then 16 kW per cavity,

and to produce 15 MVm-1 in the injector linac is 9 kW per cavity. With four main linac cryomodules plus

one injector cryomodule, and an additional 25 kW for beam power, we require a minimum rf power of

610 kW. Operating at the TESLA cavity design gradient of 23 MVm-1 would require 55 W dissipated per

main linac cavity, and 780 kW total rf power. To accommodate flexible operations, allow for losses in

transmission lines, overhead for stable feedback operations, and additional power for the rf photocathode

gun, we consider 1 MW total rf power systems. Assuming an efficiency of 65% for a klystron and its power

supply, we require a wall-plug power of 1.5 MW for the rf systems of the main linac, rf gun, and injector

linac.

Linac system rf requirements are summarized in Table 6.  Power recovered by recirculating the

beam in energy recovery mode gains at most 25 kW, a small part of the total rf system requirements.

   
β =

Qunloaded

Qexternal
= 1 × 1010

6.5 × 106 = 1.54 × 103

   Preflected

Pincident
=

β – 1
β + 1

2
= 1539

1541
2

= 0.9974

   
Pcavity = Pincident – Preflected = Pincident 1 –

β – 1
β + 1

2
= Pincident × 2.59 × 10– 3

   
Pcavity = V 2

R
Q Q

=
20 × 106 × 1.038 2

1036 × 1010 = 42 W
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Table 6. Linac RF system requirements

Energy gain per pass main linac 600 MeV

Energy gain per pass injection linac 110 MeV

Eaccelerating main linac 20 MVm-1

Eaccelerating injector linac 15 MVm-1

Operating mode CW

Dynamic power losses per main linac cavity 42 W

Dynamic power losses per injector linac cavity 24 W

Average beam current (four main linac passes) 0.04 mA

Beam power requirement 25 kW

Qunloaded 1x1010

Qexternal 6.5x106

Cavity R/Q (P=V2/R definition) 1036 Ω
Cavity resonance bandwidth 200 Hz

Cavity coupling factor 1.54x103

Length of cavity 1.038 m

Rf losses per main linac cryomodule 336 W

Rf power requirement per main linac cryomodule 128 kW

Total accelerator systems rf power 1 MW

AC power for rf systems 1.5 MW

6.2 RF Deflecting Cavities

Cavities operating in the TM110 mode are required to provide the transverse (vertical) head-tail

kick to each bunch. Similar cavities have been designed for use in B-factories, where this bunch rotation

would allow head-on collisions with beams at a finite crossing angle [AKA92], and also as deflecting

cavities for separating beams [BEL01].

Using the second harmonic of the accelerating rf frequency, the required peak transverse

deflecting beam voltage is approximately 9 MV, and a multi-cell dipole mode structure is envisaged to

provide this impedance. An asymmetric cavity shape enhances the desired dipole mode impedance in the

vertical direction.  The transverse deflection arises primarily from the interaction with the magnetic field in

the cavity mode, however there is a significant contribution from the deflecting electric field in the

associated TE-like mode in the beampipes adjoining the cavity.

Phase and amplitude stability of the cavity voltage is important to maintain synchronicity of the

emitted x-rays with the experiment pump lasers, and for stability of the x-ray pulse length (Section 10).

Future studies are aimed at developing rf systems synchronized to the experiment laser trigger, providing x-

ray to optical pulse jitter of approximately 10 fs.
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7. Cryogenics Systems

As described earlier, the pulse repetition rate of 10 kHz requires that the superconducting

structures run in CW mode.  The power deposited in the walls of the cavities results from the

superconducting surface resistance at the rf frequency.  Additional losses resulting from higher order mode

(HOM) power dissipated in the cavities are negligible for our low beam current.  In addition to these

dynamic rf losses, the cryogenic system must remove persistent or static losses due to conduction from

surroundings outside the cold mass.  These static losses include heat transferred through supports, input

couplers, and HOM absorbers.  Static losses for the TESLA cryomodules operating at 2° K are 0.1 Wm-1 or

1.2 W for each (12-cavity) cryomodule [TES01], small compared to our dynamic losses of 336 W per main

linac cryomodule and 184 W in the injector linac cryomodule.

The BCS theory describes the superconducting surface impedance, and for niobium the rf losses at

frequencies below 1012 Hz and temperatures below half the transition temperature Tc (for Nb, Tc = 9.2 K)

may be expressed by:

(10)

where T is the operating temperature in Kelvin and f is the frequency in GHz [PAD98].  Note that the

exponential factor dominates the temperature dependence, and losses increase by a factor of 41 when

operating at 4 K compared to operating at 2K. Consequently, there appears to be no advantage to operating

at higher temperature.

The power deposited in the cryogenic system is the sum of static and dynamic loads described

above. The wall-plug power required for the cryogenic system results from the deposited power divided by

the Carnot efficiency and the technical efficiency of the system. Typical technical efficiency is 20%, and
the Carnot efficiency is given by:

(11)

and the wall-plug power requirement is:

(12)

The cryogenic power load at 2 K is 1.53 kW. With a 50% margin on this cryogenic load to allow

flexibility for operations at higher cavity voltage, and to allow overhead for transfer line losses etc, the

cryogenic system is then specified for a 2 K load of 2.3 kW, and the a.c. power requirement is 1.7 MW.

Table 7 summarizes the cryogenic system requirements.

TESLA cryomodules are designed for much lower 2 K loads of only 9 W, and further design study

is needed to determine system requirements and solutions for significantly higher power deposition per
cryomodule.

   
Pcryogenic operations =

Pcryogenic load
η Carnot η technical

   η Carnot = T
300 – T

   
RBCS Ω = 2×10– 4 1

T
f

1.5

2
e– 17.67

T
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Table 7. Cryogenic system requirements

Cryogenic dynamic load 1.53 kW

Cryogenic static load 6 W

Cryogenic temperature 2 K

Carnot efficiency 0.67 %

Technical efficiency 20 %

Estimated system load @ 2 K 1.5 kW

Specified system load capability @ 2 K 2.3 kW

Total a.c. power for cryogenic systems 1.7 MW

8. Collective Effects

The electromagnetic fields associated with an electron passing through a vacuum chamber interact

with structures, leaving behind an electromagnetic field called the wake field. The primary effect of

concern is the transverse deflection of trailing electrons within a bunch caused by the wake fields generated

by leading electrons in the bunch, potentially creating a condition for a runaway instability. An additional

effect is caused by wakefields persisting from preceding passes of the bunch through the linac - fortunately,

the threshold beam current for such an instability is an average beam current far above the 80 µA (eight

passes of the linac during the acceleration/deceleration cycle) considered for nominal operation.

Under certain conditions the more deleterious single-pass effect may cause a significant growth of

the electron beam emittance. This is a result of the transverse displacement of electrons toward the tail of

the bunch. This effect may be neutralized by appropriate measures to control the phase of the interaction of

the bunch with it's wakefield on each pass through the linac.

The transverse displacement y(s,z) of trailing electrons due to the interaction with the wake field

produced by the leading electrons may be written in the form [CHA80]:

 (13)

where γ is the relativistic factor, k is the focusing strength (since there are no magnetic focusing elements

within the recirculating linac, k is only due to weak focusing by the rf fields), u(s) is the alignment error of

the rf cavities, ρ is the electron bunch density, s is the longitudinal position along the linac, z is the internal

bunch coordinate, r0 is the classical electron radius, and W⊥  is the transverse wake function per unit

length. W⊥ (z) for the linac cavity is shown in Figure 13 [MOS93].

   d
ds

γ s
dy
ds

+ k2 s γ s y s,z = r0 ρ z' W⊥ z' – z y s, z' – u s dz'
z

∞
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Figure 13. Transverse wake field of the TESLA linac cavity.

For a reasonably weak wakefield, where the wakefield at the center of the bunch W⊥ 0 is:

(14)

and L is the linac length, Ne is the number of electrons in the bunch, and γ 0  is the electron beam energy in

the middle of the linac, Eq.13 can be solved analytically and one can show that emittance growth can be

mitigated. By generating a (2n+1)π phase advance of betatron oscillations between the first and the second

passage of the linac and 2nπ phase advance for all following passages, where n is an integer, the electron

displacements introduced in the first pass are partially compensated by the subsequent passes. Additionally,

the electron beam entering the linac on the first pass may be off-set in order to minimize the wake field

resulting from the misalignments of linac cavities and cryomodules. For typical misalignment errors of 0.5

mm for individual cavities and 0.25 mm for cryomodules, the required orbit off-set for an electron bunch

entering the recirculating linac is less than 0.1 mm. Simulation results of application of these techniques are

shown in  Figure 14. Figure 14(a) shows the electron displacements y/σy along the bunch with charge

density ρ(z), at the end of the fourth pass through the linac as a result of the rf structure misalignment

errors. Figure 14(b) shows the displacement within a bunch after correction of the initial orbit off-set and

selection of betatron phase advance discussed above. In the latter case, the resulting projected emittance

growth is only a few percent.

The bunch lengths and beampipe apertures under current consideration result in a regime in which

the coherent synchrotron radiation impedance may be significant, and further studies of such effects are in

progress. A smaller beampipe aperture may be beneficial in reducing effects from coherent synchrotron

radiation, but the minimum aperture may be limited by transverse wakefields arising from the resistive wall

impedance.

Bunch length is easily adapted as required at different stages of acceleration and deceleration to

provide flexibility with consideration to collective effects. Longitudinal bunch charge density may also be

adjusted through variations in rf photocathode and incident laser beam parameters, should this prove useful

in overcoming collective effects and improving machine performance.

   W⊥0 ≤ 15 γ0

Ne r0 L2
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  Figure 14. Normalized transverse displacement y/σz along a bunch a) (left) with no corrective

measures, b) (right) with initial transverse offset and betatron phase adjustment.

9. Photon Production

For a 2.5 GeV electron beam of charge 1 nC and repetition rate 10 kHz, the average photon flux

from insertion devices and bend magnets is shown in Figures 15 and 16. In Figure 15, the photon flux as a

function of photon energy is shown for an undulator of period 1.5 cm, length 2 m, undulator parameter

K=2.1 (peak magnetic field of 1.5 T). A similar undulator is described in [ROS00]. Photon flux per (mrad)2

of bend magnet radiation for a 2 T bend magnet is shown in Figure 16.

Figure 15. Undulator photon flux as a function of photon energy for the fundamental and lower odd

harmonics.
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Figure 16. Photon flux as a function of photon energy for a 2T field bend magnet.

10. Synchronization of Laser and Femtosecond X-ray Pulses

Most experiments utilizing the femtosecond x-ray pulse facility are expected to involve the use of

femtosecond pump pulses from optical lasers. Synchronization between optical and x-ray pulses is required

to be within a few tens of femtosecond in order to accurately map the ultra-fast dynamics initiated by the

optical pulses. This requirement may be compromised by timing jitter between the electron and laser

pulses.

Lasers systems have been locked to a common oscillator with better than ten femtosecond timing

accuracy, as has been demonstrated in practice [MIU00]. Figure 17 demonstrates a standard means of

locking the laser oscillator to the rf master oscillator (clock) of the accelerator. The rf frequency of the linac

is 1.3 GHz, corresponding approximately to a 19th harmonic of a commercially available Ti: Sapphire laser

oscillator. This harmonic is generated by a fast avalanche photodiode followed by a high Q filter with

central frequency equal to that of the rf master oscillator. The signal thus generated from the laser and the

signal from the rf master oscillator are applied to a mixer, the output of which is applied to the driver of a

piezo-ceramic mirror mount to control the frequency of the laser oscillator. Using such a system, timing

jitter between the amplified laser pulse and the RF phase has been demonstrated to be less than ~1 ps
[ROD89].
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High-Q BPF

1.3 GHz

avalanche
photodiode

28 dB 
AMP

ALS Master RF Clock

Amplifier

Ti:Al2O3 Laser 
PZT driver

LPF

error signal
68.5 MHz

17 dBm mixer

1.3 GHz

Figure 17. Schematic of a technique to synchronize the laser oscillator to the rf master oscillator (clock) of

the linac.

Similarly, one may apply a signal derived from the laser oscillator to drive a klystron used for the

rf deflection cavities. The resulting electron bunch deflections produced by the cavity will carry an imprint

of the laser timing, and an aperture-limited system will produce a compressed x-ray pulse synchronized

with the laser pulse independently of the electron pulse jitter. This is shown schematically in Figure 18. The

magnitude of the remaining jitter between driver laser and phase of the rf field in the deflection cavity is
presently under investigation.

LASER OSCILLATOR
(passively modelocked)

∆t ∆t
2.6 GHz
(RF Kick)

electron bunch

laser pulse

x-rays

aperture

MASTER OSCILLATOR

LASER OSCILLATOR GUN + LASER DRIVER LINAC

LASER AMPLIFIER 2.6 GHz RF kick

Figure 17. Schematic of synchronization of the laser and x-ray pulses.
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11. Summary and Future Directions

We have presented a concept for an accelerator based user facility to perform femtosecond x-ray

science. The accelerator design is based on existing but state-of-the-art technologies which require some

further development. Key areas to be studied are: high-quality rf photocathode guns, generation of beams

with a large x/y emittance ratio, control of beam emittance throughout the accelerator, efficient powering of

the superconducting rf structures, exploration of cryogenics systems requirements, design of deflecting

cavities, x-ray beamline optics for pulse compression, and timing of the beam and x-ray pulse with respect

to experimental systems. We propose to collaborate with various institutions and with industry in pursuit of

solutions to technical problems.

Development of high-quality rf guns has proceeded at several institutions and we incorporate their

successes into our design. We will proceed with designs based on a re-entrant nose-cone geometry,

including beam dynamics calculations to ensure beam quality from such novel rf gun designs.

One important collaboration already entered into is in the production of a high-quality beam with

large transverse aspect ratio in the injector. To further our understanding and pursue limitations of this

technique, we are actively involved in experimental work at the Fermilab A0 photo-injector facility, in

addition to performing simulation studies. The successful demonstration at the A0 facility of flat beams

with emittance ratio 50:1 is highly encouraging and we have joined the experiment collaboration to help

further work in this regard.  Areas of specific interest include, for example, the maximum emittance ratio,

and minimum emittance, as a function of bunch charge, energy spread, and bunch length.

Emittance control and understanding of collective effects is critical, and we are addressing key

aspects of accelerator physics involved in beam break-up, coherent synchrotron radiation, and the influence

of resistive wall wakefields. The electron bunch length at different stages of acceleration and deceleration is

expected to be further refined after more comprehensive simulations. With several linac passes and many

arcs we believe we have sufficient flexibility to optimally control the bunch length with consideration to

collective effects.  In addition, we may gain by manipulation of the longitudinal charge density profile of

the electron beam emitted from the rf photocathode.

Superconducting rf structures are based on TESLA designs, and we plan to collaborate with

industry and superconducting rf accelerator facilities to gain expertise in this area, and also derive

cryogenics system limitations and design requirements. Since only a small fraction of the incident power is

deposited in a cavity, we are investigating means to improve the efficiency of the system. Reducing the

cavity bandwidth is advantageous and we will pursue technologies allowing feedback control of cavity

resonant frequency at reduced bandwidths. Details of rf power distribution and control, and availability of

rf power amplifiers, will be addressed. TESLA cryomodules are designed for 2 K loads of only 9 W, and

further design study is needed to determine system requirements and solutions for significantly higher

power deposition per cryomodule.

Requirements for instrumentation and diagnostics will be addressed, including development of

beam position monitors, transverse beam profile monitors, longitudinal profile monitors, and bunch charge

monitors. Instrumentation will be necessary for each recirculating arc, and different techniques are likely to

be employed to cover the large energy range.



26

Beam timing techniques will be explored in collaboration with existing groups working with lasers

locked to associated rf systems. Exploration of such techniques applied to non-linear elements such as

klystrons will be pursued.

Close collaboration with the fs scientific community will be nurtured to ensure development of a

facility geared to the needs of the science.
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